It has become apparent that in the ovary, the immune system contributes to the regulation of gonadal function. Leukocytes present within the ovary may constitute potential in-situ modulators of ovarian function that act through local secretion of regulatory soluble factors. These factors include numerous cytokines that largely originate by the action of immune cells within the ovary. Actual rupture of the follicle during ovulation may be dependent on tissue remodelling that is characteristic of an acute inflammatory reaction and includes mobilization of thecal fibroblasts, increased leukocyte migration, release of various mediators and loosening of connective tissue elements in the follicle wall. Both corpus luteum formation and luteal regression also involve progressive infiltration of lymphocytes and macrophages, release of chemokines and cytokines, and communication through cell adhesion molecules. In this review, we examine the evidence for the leukocytes and their products in regulation of ovarian function and relate the potential significance of these cells and substances to some ovarian disorders.
Introduction
Over the last two decades, a wide range of regulators of gonadal function has been discovered to act largely in an autocrine or paracrine fashion. It has become apparent that in the ovary, the immune system contributes to the regulation of gonadal function (Mori, 1990) . Leukocytes present within the ovary may constitute potential in-situ modulators of ovarian function that act through local secretion of regulatory soluble factors. These factors include numerous cytokines that largely originate by the action of immune cells within the ovary (Findlay et al., 1990; Adashi, 1992) . Cytokines have been implicated as important regulators of steroidogenesis and gamete production (Adashi, 1992; Brännström and Norman, 1993) . The evidence for this immuno-endocrine interaction has been best developed in the ovary where the anatomy and vascularization permit a migration of leukocytes in and out of the organ. This migration is reflected by the histological presence of these cells and associated changes in the lymphatic flow. In addition, many other cell types in the ovary also produce cytokines independently of the presence of leukocytes.
The purpose of this review is to examine the evidence for the regulation of ovarian function by leukocytes and their products, and to relate the potential significance of these cells and substances to some ovarian disorders.
Immuno-endocrine interaction in reproduction: a preview
Many immune cells in human contain sex-steroid, luteinizing hormone (LH) and gonadotrophin-releasing hormone (GnRH) receptors. Human peripheral monocyte interleukin (IL)-1 activity is partly modulated by steroids (Polan et al., 1988 (Polan et al., , 1990 . Monocytes increase their expression of IL-1β mRNA three-fold during the luteal phase of the menstrual cycle over that found in the follicular phase and in normal male controls (Polan et al., 1994) . IL-1 bioactivity in the plasma is higher in the luteal phase than in the follicular phase (Cannon and Dinarello, 1985) . The serum values of tumour necrosis factor α (TNFα) and granulocytemacrophage colony-stimulating factor (GM-CSF) were also shown to have cyclic changes in women Norman and Brännström, 1996) . The GnRH receptor signalling was reported to induce IL-2 mRNA expression in lymphocytes and other responsive cells (Batticane et al., 1991) .
Alterations in the immune system may affect ovarian function in many species. In the mouse, intact thymic function is essential during pre-and postnatal life to maintain normal ovarian function. Congenitally athymic or postnatally thymectomized animals are infertile and exhibit abnormal ovarian function (Nishizuka and Sakakura, 1969) . In addition, ovarian function is restored in these mice by postnatal grafting of splenic lymph nodes or thymic tissue (Nishizuka and Sakakura, 1969; Sakakura and Nishizuka, 1972) . Removal of thymus after a critical time has no apparent effect on the ovary (Allen et al., 1984) , however administration of anti-thymocyte serum to adult rats suppresses ovulation (Bukovsky and Presl, 1978) . The ovarian effects of thymic manipulation have been reported to be mediated via reduced circulating concentrations of gonadotrophins (Rebar et al., 1981) . Experimentally-induced lymphopaenia causes luteal dysfunction in cattle (Alila and Hansel, 1984) . The leukocyte supplementation has been demonstrated to increase the LHinduced ovulation rate in the in-vitro-perfused rat ovary (Hellberg et al., 1991) .
Alteration of ovarian function also seems to affect the immune system in both animals and humans (Grossman, 1985) . Animals castrated at birth have a larger thymus than control animals. The use of GnRH antagonist in female rats leads to a decrease in thymocyte proliferation, a decreased T helper lymphocyte population, decreased thymic mass and smaller lymphoid cell numbers (Nishizuka and Sakakuta, 1969) . The anovulation in female mice resulting from postnatal oestrogen injection has been found to be correlated with decreased amounts of CD8 + lymphocytes in spleen and thymus (Deshpande et al., 1997) . In human, oestrogen-deficient women have increased CD8 + lymphocytes and lowered CD4 + /CD8 + lymphocyte ratios (Ho et al., 1991) .
Leukocyte subsets in the ovary
A variety of leukocyte subsets which include mast cells, eosinophils, neutrophils, macrophage/monocytes, and lymphocytes have been described in the ovary (Hill et al., 1990; Lei et al., 1991; Brännström et al., 1993a; Brännström and Norman, 1993; Norman and Brännström, 1996; SpanelBorowski et al., 1997; . Possible functions of the resident leukocytes of the ovary are summarized in Table I .
Rat model
In the rat ovary, during the preovulatory period, most of the leukocytes are located in the theca and medulla (Brännström et al., 1993a; Brännström and Norman, 1993) . A majority of these cells are neutrophils and macrophages. Upon the midcycle LH surge, the migration of leukocytes into the thecal layers is enhanced (Brännström et al., 1993a) . Immune cells are not detectable in the granulosa layer until the LH surge. With ovulation, the basement membrane ruptures, and leukocytes subsequently migrate into this area. In adult rats, only a small proportion of growing follicles contain macrophages (Gaytan et al., 1998a) . These cells are absent from early atretic follicles, and the invasion by macrophages occurs at advanced stages of follicular atresia. T cells are also shown to be present within the rat ovary (Brännström et al., 1993a) . Their number increases dramatically just after ovulation, especially in the thecal cell layers. T cells that undergo this intraovarian migration are those with the CD8 + antigenic marker. Since peripheral blood CD4 + T cells outnumber the CD8 + T cells by a factor of three or more, a selective ovarian infiltration of CD8 + lymphocytes is suggested (Brännström et al., 1993a) .
Human connection
An immunohistochemical study of follicular wall and corpus luteum demonstrated that changes similar to those of rat occur in the human ovary (Brännström et al., 1994b) . Macrophages were found to be scarce in the walls of the follicles during the midfollicular phase and were mostly present in the stroma. Neutrophils were also in low numbers in the stroma. In the theca there was a pronounced increase in both neutrophil and macrophage density just before ovulation, concomitant with the LH surge. Just after follicular rupture, a large number of neutrophils were observed close to the rupture point. Both neutrophils and macrophages were present within the early corpus luteum, predominantly in the theca-lutein layer. The B-lymphocytes and natural killer (NK) cells were found in low numbers and no preovulatory changes in density were observed. T-lymphocytes of the cytotoxic/suppressor subtype were only occasionally detected in preovulatory follicular wall tissue (Brännström et al., 1994b) . There is also considerable population of macrophages (5-15% of the cells) within the human ovarian follicular fluid at the time of ovulation (Castilla et al., 1990; Loukides et al., 1990) . Moreover, macrophages express LH receptors (Bukovsky et al., 1993) . In another study concerning the localization and characterization of leukocytes in the human ovary, macrophages and T cells were shown to be the primary immune cells of the ovary. Their concentration was dependent on the location and stage of development of the structures containing leukocytes (Best et al., 1996) . In that study, developing follicles contained few macrophages in the theca, while atretic follicles possessed moderate numbers in the granulosa and the theca. Newly formed corpora lutea contained few macrophages, while regressing corpora lutea contained many macrophages. The cells with positive macrophage activation marker, human leukocyte antigen (HLA)-DR, were located predominantly at sites where macrophages were present. T cells were generally not present in the developing follicle, but focal, small numbers were observed in blood vessels of the theca. Atretic follicles contained few T cells in the granulosa and theca. Few T cells were present in new corpora lutea, while many were present in regressing corpora lutea and none of them were detected in the corpora albicantia. Memory T-lymphocytes identified by UCHL1 (CD45RO) marker were present in all areas where T cells were found. The CD4 + (T helper) to CD8 + (T suppressor) ratio in the corpus luteum was 1:1. B-lymphocytes (CD20) and NK cells (CD57) were generally absent in the premenopausal ovary. In addition, immunoglobulin (Ig)G, IgA and secretory IgA were absent in all ovarian sections. The post-menopausal ovary, in contrast, only contained few macrophages, T-lymphocytes and NK cells in the stroma. In various species, including humans, the subsequent development of corpus luteum coincides with the appearance of large numbers of leukocytes in that tissue (Lei et al., 1991; Standaert et al., 1991; Wang et al., 1992; Brännström et al., 1994a) . Macrophages and neutrophils predominate, while Bcells are sparse. Many of the cells stain positively for major histocompatibility complex (MHC) Class II which indicates that they are activated (Seow et al., 1988; Hill et al., 1990) . In addition, receptors for IL-2 are found in some T-lymphocytes suggesting that these cells are also activated (Wang et al., 1992) .
The characterization and quantification of leukocytes throughout the human corpus luteum life span has recently been investigated (Castro et al., 1998) . The flow cytometry analysis of luteal cells has revealed that 20-52% of the dispersed luteal cells are leukocytes. The percentage of leukocytes is higher in the early and late luteal phases than in the mid-luteal phase. However, the percentage of macrophages in the studied corpora lutea of 16 women has not shown any difference at different stages of the luteal phase (Castro et al., 1998) .
A histopathological study of human corpus luteum has revealed that the number of macrophages increases up to the end of the early luteal phase, remains relatively unchanged during the mid-luteal phase, and decreases at the late luteal phase (Gaytan et al., 1998b) . Macrophages also change their morphology during the cycle. They have round or elongated cytoplasm during the early and late luteal phases and have dendritic features that show increased surface contacts with granulosa-lutein cells and microvasculature in the mid-luteal phase (Gaytan et al., 1998b) . However, most studies have reported that the macrophage number increases in parallel with the age of the corpus luteum and that macrophages accumulate further during the regression of the corpus luteum (Paavola and Boyd, 1979; Lei et al., 1991; Brännström et al., 1993a Brännström et al., , 1994a Hameed et al., 1995; Best et al., 1996; Hoek et al., 1997a; Senturk et al., 1999) 
Role of leukocytes in ovarian function

Ovulation comparable to an inflammatory reaction
Mammalian ovulation is unique in its requirement for the rupture of healthy tissue at the surface of the ovary. A role for white blood cells in the ovarian physiology was suspected for many years (Warbritton, 1934) . However, until the 1970s, it was thought that the increased intrafollicular pressure and the contraction of smooth muscle tissue in the ovarian stroma was the promotor of the follicular rupture (Espey, 1994) . The hypothesis that mammalian ovulation is comparable to an inflammatory reaction was first proposed by Espey (1980) . Experimental evidence supporting this theory has been reported since then. Initially, most of the work on inflammation and ovulation was conducted on rat ovaries. In rats, a local increase in blood volume and oedema due to vasodilation and increased vascular permeability begins within a few hours after the ovulatory process is initiated by gonadotrophins, and it persists to the time of follicular rupture .
The presence of molecules commonly associated with the inflammatory cascade that include prostaglandins, leukotrienes, bradykinin, histamine, platelet activating factor (PAF) and various cytokines has been described in the ovary (Espey, 1994) . Hence, it is still thought that certain aspects of the ovulatory process resemble an acute inflammatory reaction. Actual rupture of the follicle may be dependent upon tissue remodelling that is characteristic of an inflammatory reaction and includes mobilization of thecal fibroblasts, increased leukocyte migration and loosening of connective tissue elements in the follicle wall.
Role of leukocytes in ovulation
There are cyclic fluxes of leukocytes in the ovarian cycle with simultaneous alterations in lymphatic and blood flow. In rodents, injection of human chorionic gonadotrophin (HCG) increased the ovarian myeloperoxidase activity within 6 h, which reflects an influx of neutrophils into the ovaries. Invivo depletion of neutrophils in the rat by specific monoclonal antibodies decreases the number of ovulations (Brännström et al., 1995c) . However, when peripheral leukocytes were depleted in rat by antineoplastic agents 4 days before HCG treatment, the ovulation rate remained normal (Chun et al., 1993) . These contradictory results may be due to different methodologies used for leukocyte depletion in each study.
In mice, macrophages are implicated in both folliculogenesis and ovulation. Macrophage colony-stimulating factor (M-CSF) deficient mice, have markedly reduced number of antral and mature follicles and ovulation, which are corrected by M-CSF administration with a corresponding increase in the number of local macrophages (Araki et al., 1996) . As ovulation approaches, extracellular matrix dissolution and thecal collagen dissociation are observed together with an increased vascular permeability and a follicular tissue oedema (Bjersing and Cajander, 1974; Abisogun et al., 1988) . Cytokines secreted by resident leukocytes and endothelial cells recruit and activate more and more circulating leukocytes. These cytokines also activate integrins on the recruited leukocytes, thus inducing their adhesion to the tissue. In turn, leukocytes release proteolytic enzymes (i.e. collagenase and elastase) that digest extracellular matrix proteins and cause structural changes in the follicular wall. These events lead to follicular rupture.
Corpus luteum and leukocytes
Once follicular rupture commences, repair and organization of the follicular site of ovulation is required to produce a corpus luteum. Hence, there is a massive migration of leukocytes into the corpus luteum coincident with the bleeding and vascularization of the developing organ that may be thought to be analogous to a granuloma in many species including human, cattle and rat (Lei et al., 1991; Wang et al., 1992; Brännström et al., 1994a) . Again, many of these cells are activated. Later, the involution of the corpus luteum is characterized by further leukocyte infiltration. Macrophages in rabbits (Bagavandoss et al., 1988) , and neutrophils in rats (Pepperell et al., 1992 ) are thought to be major players in luteolysis. Immunosuppression by dexamethasone was shown to block functional luteolysis in the rat (Wang et al., 1993) .
Culture of human luteal cells from which leukocytes have been removed by immunomagnetic separation has revealed that luteal leukocytes modulate steroidogenesis in corpus luteum. (Castro et al., 1998) . Progesterone production increased 2.2-fold, but the response to HCG was 36% lower in leukocyte-depleted luteal cell cultures in comparison with total luteal cells. Oestradiol production was same in both conditions.
Luteal regression in human involves progressive infiltration of lymphocytes and macrophages (Hameed et al., 1995) . The inflammatory infiltrate begins in the theca externa and gradually invades the granulosa cells, with maximum accumulation of lymphocytes and macrophages at the time of menstruation. The majority of lymphocytes are CD2 + , CD3 + , CD8 + T cells, and 15% of these T cells express perforin, a cytolytic protein implicated as a mediator of cytotoxicity. The remaining mononuclear infiltrate shows strong reactivity with monocyte/macrophage markers (Hameed et al., 1995) . Hence, there may be a cell-mediated inflammatory process in the regressing human corpus luteum, and cells of monocyte/ macrophage lineage and perforin expression in T lymphocytes supports a possible role for cytolytic T cells in human luteolysis as well.
Another recent piece of evidence in humans suggests that macrophages are actively involved in the luteolysis. Luteal 'rescue with HCG has been associated with a marked reduction of the macrophage number in the corpus luteum when compared with late luteal phase corpora lutea (Duncan et al., 1998) . Hence, one of the effects of HCG during maternal recognition of pregnancy has been claimed to prevent the normal influx of macrophages into the corpus luteum.
The possible luteolytic mechanisms of neutrophils and macrophages has been linked to the their capacity to produce reactive oxygen species (ROS) which include the superoxide anion and hydrogen peroxide. It has been demonstrated in vivo that the corpus luteum of rodents produces hydrogen peroxide and superoxide anion during functional luteolysis (Riley and Behrman, 1991) . A luteolytic action of hydrogen peroxide on luteal cells in culture was first shown in rats (Behrman and Preston, 1989) and was also confirmed in human luteal cells (Vega et al., 1995) . In the latter study, hydrogen peroxide at a low dose surprisingly stimulated progesterone secretion from mid-cycle luteal cells. However, higher doses inhibited progesterone secretion, and this inhibitory effect was more potent in luteal cells from the late luteal phase. Hence, ROS-mediated modulation of progesterone secretion is regulated in both a dose-dependent and luteal age-specific manner.
Cell adhesion molecules in immuno-endocrine interaction
It has been postulated that during folliculogenesis, formation of corpus luteum and luteolysis, lymphocytes and macrophages could exert paracrine effects on adjacent endocrine ovarian cells with which they establish physical contacts through adhesion-promoting receptors.
HLA-DR is highly expressed on human large luteal cells (Fujiwara et al., 1993) . HLA-DR is a ligand for CD4 antigen which is mainly expressed on helper T-lymphocytes (Lanzavecchia, 1990) . It has been proposed that human luteal cells may communicate with T cells during formation of corpus luteum, luteolysis, or formation of corpus luteum of pregnancy (Fujiwara et al., 1993) . Leukocyte functional antigen-3 (LFA-3/CD58) is a ligand for CD2 antigen that is a specific surface marker of T cells (Dustin et al., 1987) . In human, LFA-3 is not expressed on the granulosa cells of primordial follicles, primary follicles, or atretic follicles, but is weakly expressed in the secondary growing follicles and pre-ovulatory follicles (Hattori et al., 1995) . The expression of LFA-3 increases after ovulation and the highest expression is observed in large luteal cells in the mid-luteal phase. The antigen expression continues on the luteal cells in the corpus luteum of pregnancy. Therefore, it has been postulated that T cells transmit the information to luteal cells, regarding the inhibition of luteolysis if implantation of embryo has occurred, by way of the cellular attachment between CD2 on T cells and LFA-3 on large luteal cells (Hattori et al., 1995) .
Another cell recognition molecule known to play a crucial role in the interaction of immune cells with other tissues is intercellular adhesion molecule (ICAM)-1, a member of the immunoglobulin gene superfamily, e.g. HLA-DR and LFA-3. The inflammatory mediators including IL-1, interferon-γ and TNFα, cause strong induction of ICAM-1 in a variety of tissues and greatly increase binding of lymphocytes and monocytes through their cell surface LFA-1, a leukocyte β-integrin (Simmons et al., 1988; Springer, 1990) . Both freshly aspirated human granulosa cells and granulosa-lutein cells in culture have been shown to express ICAM-1 mRNA (Vigano et al., 1997) . Furthermore, monoclonal antibody directed against ICAM-1 has been able to partially inhibit lymphocyte binding to granulosa cell monolayers. This finding indicates that granulosa celllymphocyte adhesion is carried out by a heterogeneous group of molecules.
Human granulosa cells also express molecules that mediate calcium-dependent cell adhesion. These are neural cell adhesion molecule (NCAM) and cadherins (Blaschuk and Farookhi, 1989; Mayerhofer et al., 1991) . The E-cadherin concentration on the mouse ovarian surface epithelium was shown to be regulated by oestradiol (MacCalman et al., 1994) . However, whether a similar interaction of oestradiol and cadherin exists in granulosa cells has not been investigated.
Leukocyte-related products in ovarian function
Cytokines
Leukocytes and supernatant fluids obtained from these cells in culture have both stimulated and inhibited steroidogenesis by ovarian cells in both human (Wang et al., 1991) and rat (Pepperell et al., 1992) . It has been claimed that inflammatory cytokines may modulate the leukocyte population and endocrine function of the ovary.
IL-1 and TNFα
As primary cytokines, IL-1 and TNFα have been shown to promote ovulation in combination with LH in perfused rat and rabbit ovaries (Brännström et al., 1995b,c; Takehara et al., 1994) . In addition, both of these cytokines enhance the production of phospholipase A 2 activity and prostaglandins in the intact isolated ovary or from isolated follicles or ovarian cells (Brännström et al., 1993b; Kokia et al., 1992; Kol and Adashi, 1995) . IL-1 also stimulates the accumulation of collagenolytic proteins in the rat ovary (Hurwitz et al., 1993) and induces ovarian glucose uptake at the time of ovulation by increasing the expression of glucose transporter 3 (Kol et al., 1997) . IL-1 receptor antagonist has been shown to diminish the number of ovulations and decrease collagenolysis in the rat ovary (Simón et al., 1994) . IL-1 also induces the production of other cytokines which include IL-6, which is a potent angiogenic substance that permits further vascularization and increased delivery of follicle stimulating hormone (FSH) to the growing follicle (Mori, 1990) .
IL-1 is found in significant concentrations in human follicular fluid (Brännström and Norman, 1993) . IL-1 and its receptor are expressed in human granulosa cells Barano et al., 1995) . In leukocyte-depleted human luteal cell cultures, the concentration of IL-1 was shown to decrease 5-fold in comparison with total luteal cell cultures, suggesting that leukocytes are the principal source of IL-1 in the corpus luteum (Castro et al., 1998) . In post-HCG follicular fluid, IL-1β and TNFα concentrations have been found to be higher after ovulation induction with gonadotrophins than in natural unstimulated cycles, although follicular fluid oestradiol concentrations were comparable among the groups (Loret de Mola et al., 1998) . Hence, gonadotrophins may regulate ovarian production of these cytokines in human.
Once a follicle is selected as a dominant follicle and begins to grow, IL-1 and TNFα promote androgen production and induction of LH receptors (Norman and Brännström, 1996) . When the LH surge commences, a significant induction of IL-1 mRNA expression ensues in the thecal but not granulosa area in the rat (Hurwitz et al., 1991) . This occurs within 6 h of the LH/HCG surge.
IL-1 and IL-2 production by ovarian follicular leukocytes is inhibited by granulosa cells, and interactions between granulosa cells and follicular leukocytes may provide important feedback mechanisms (Maccio et al., 1993 (Maccio et al., , 1994 . The expression of dipeptidyl peptidase IV (a differentiation antigen similar to LFA-3 involved in the luteinization of granulosa cells) is stimulated by IL-1 and TNFα (Fugiwara et al., 1994) . TNFα also enhances the expression of LFA-3 in granulosa-lutein cells (Hattori et al., 1995) . These data indicate that both IL-1 and TNFα may have a role in corpus luteum development.
Nitric oxide (NO), a potent vasodilator and the main mediator of macrophage tumoricidal and bactericidal activities, is known to participate in inflammatory reactions and mediates the IL-1-directed tissue-remodelling events within the ovary (Ellman et al., 1993) . NO is generated in response to IL-1 and may mediate IL-1-induced actions in the rat ovary (Ellman et al., 1993) . The administration of N-ω-nitro-L-arginine methyl ester, the competitive antagonist of L-arginine, has been shown to reduce the amount of thecal neutrophils and the number of ovulations observed in the rat both in vivo and in vitro, using the perfused rat ovary model (Bonello et al., 1996) . The importance of IL-1-induced nitric oxide synthase (NOS) and, in turn, NO synthesis in regulating ovarian function is deduced from the observation that in contrast to IL-1, lipopolysaccharides and interferon-γ have been unable to induce NOS activity in cultured granulosa cells (Tabraue et al., 1997) . In addition, NO has been shown to mediate IL-1-induced anti-apoptotic effects in cultured follicles (Chun et al., 1995) .
TNFα itself is a cytotoxic agent primarily secreted by activated macrophages. It appears to play a role in the relatively uncommon occurrence of spontaneous regression of some cancers (Old, 1988) . In many respects, the corpus luteum has been thought to be comparable to a solid tumour that undergoes cyclic degeneration. A hallmark of tumour regression induced by TNFα is endothelial cell necrosis (Old, 1988) . Vascular damage and tissue ischaemia are amongst the earliest signs of luteal regression (Keyes and Wiltbank, 1988) . Immunoreactive TNFα is present in the corpus luteum of several species, including the human (Roby et al., 1990) . TNFα is one of the candidates related to events taking place in luteolysis.
In rat, administration of TNFα inhibits HCG-induced steroidogenic acute regulatory protein (a potential functional marker of corpus luteum development) and LH receptor mRNA expression in corpus luteum, which may be one of the mechanisms leading to luteolytic action of TNFα (Chen et al.1999) .
In humans, the serum concentrations of TNFα show significant fluctuations over the menstrual cycle. Compared to the values on the day of the LH surge, the concentrations are significantly increased during the late follicular phase and during the mid-luteal phase. In the early luteal phase the values are significantly decreased (Brännström et al., 1999) . Human luteal cells in culture secrete TNFα and higher amounts of secretion have been observed during the late luteal phase, compared with the early luteal phase (Brännström et al., 1999) .
Leukaemia inhibitory factor
Leukaemia inhibitory factor (LIF) is a 43 kDa glycoprotein with various actions in different tissue systems. LIF regulates growth and differentiation of embryonic stem cells (Williams et al., 1988) , primordial germ cells (Matsui et al., 1991) , peripheral neurons (Murphy et al., 1991) , osteoblasts (Reid et al., 1990) , adipocytes (Mori et al., 1989) , and hepatocytes (Baumann and Wong, 1989) . Transient expression of LIF in mice is essential for implantation. Female mice lacking a functional LIF gene are fertile, but their blastocysts fail to implant and do not develop (Stewart, 1994; Stewart et al., 1992) . It has also been shown to enhance the blastocyst formation rates in human embryos (Dunglison et al., 1996) . The human follicular fluid LIF concentrations increase upon HCG administration (Aricii et al., 1997) . LIF concentrations observed in the follicular fluid are substantially higher than those observed in serum. It has been shown that LIF can increase the expression of aromatase in adipose tissue fibroblasts (Zhaoi et al., 1995) . There is also a correlation between follicular fluid LIF and oestradiol concentrations. Thus, LIF may be one of the factors affecting oestrogen biosynthesis in the follicle. LIF mRNA and the protein are expressed in low amounts in the ovarian stromal cell cultures and their values are increased by IL-1 and TNFα. Purified human granulosa cells express low amounts of LIF mRNA and protein, and their concentrations are not increased by IL-1 or TNFα. Macrophages and theca cells surrounding the follicle seem to contribute to the LIF pool within the follicular fluid. Thus, LIF may play a role in the physiology of ovulation, oestrogen production and early embryonic development.
Miscellaneous cytokines
Numerous other cytokines are also implicated in the ovarian physiology. IL-2 is a T cell-derived cytokine that has no effect on basal progesterone production but has a suppressing action on HCG-stimulated progesterone production from human granulosa-lutein cells in prolonged culture (Wang et al., 1991) . IL-10 is an anti-inflammatory cytokine, and it suppresses the production of IL-1, IL-2, IL-6 and TNFα. IL-10 was detected in the follicular fluid of women undergoing in-vitro fertilization (IVF). A negative correlation of IL-10 with follicular fluid progesterone concentrations suggested an inhibitory effect on progesterone production from the newly luteinized cells (Geva et al., 1997) .
In the in-vitro perfused rat ovary, exogenous IL-6 does not significantly alter the LH-induced ovulation rate and LHinduced progesterone concentrations but significantly reduces the LH/IL-1β-induced ovulation rate (Van der Hoek et al., 1998) . IL-6 reduces the cell proliferation in bovine granulosa cells (Alpizar and Spicer, 1994) . IL-6 is thought to play a role in the regulation of ovarian steroid production.
GM-CSF is a regulator and activator of granulocytes and macrophages. GM-CSF is secreted from human granulosalutein cells and from incubated corpora lutea . The luteal phase administration of human interferon-γ to normal women results in decreased serum oestradiol and progesterone concentrations (Kauppila et al., 1982) . This treatment does not affect serum gonadotrophin concentrations. Interferon-γ also induces heat shock protein 70 (HSP70) and inhibits progesterone production in humangranulosa luteal cells in culture, further supporting its local luteolytic properties (Kim et al., 1996) .
Chemokines
Overview
In humans, it has been shown that follicular fluid exerts chemotactic activity on neutrophils and that the level of this activity is related to the outcome of IVF treatment (Herriot et al., 1986) . As mentioned earlier, the number of macrophages and neutrophils in the human preovulatory follicle is high at the time of ovulation (Brännström et al., 1994b) , and neutrophil-depleted rats have a decreased rate of ovulation (Brännström et al., 1995a) . Recently, the new family of chemotactic cytokines named as chemokines has been identified and characterized which are thought to be involved in the chemotactic action during the events leading to ovulation.
Chemokines are a family of rather small cytokines with selective chemoattractant and activating properties on leukocytes. Chemokines are divided into a C-C family, in which the first two cysteine residue are adjacent to one another, and into the C-X-C family, in which there is an intervening amino acid between the first two cysteine residues. The C-X-C family includes IL-8, growth-regulated oncogene a (GROα), neutrophil-activating protein (NAP)-2, β-thromboglobulin, platelet factor-4, and γ-interferon inducible protein-10, which are predominantly chemotactic for neutrophils, but also are active on basophils, T cells, fibroblasts and endothelial cells. The C-C family includes RANTES (regulated upon activation, normal T cells expressed and secreted), macrophage inflammatory protein (MIP)-1 and monocyte chemotactic protein (MCP)-1, -2, -3 and -4, which act primarily on monocytes/macrophages.
Interleukin-8
IL-8 has neutrophil chemotactic and activating activity both in vivo and in vitro (Baggiolini et al., 1989) and a potent angiogenic effect (Koch et al., 1992) . Angiogenic properties of IL-8 were thought to be relevant, since neovascularization is a prominent feature of early luteinization. Rapid vascularization of corpus luteum is believed to be guided by angiogenic factors detected in the follicular fluid (Frederick et al., 1984) for which IL-8 is a candidate. IL-8 is produced by a number of cell types, including monocytes (Yoshimura et al., 1987) , endothelial cells (Strieter et al., 1989) , fibroblasts (Larsen et al., 1989) , mesothelial cells (Goodman et al., 1992) and endometrial stromal cells (Arici et al., 1993) .
We have proposed that neutrophil migration in and around the preovulatory follicle may be hormonally regulated, and this regulation may occur through local modulation of IL-8 expression. In this regard, we have investigated the expression and regulation of IL-8 in human follicular fluid samples from patients undergoing IVF and in ovarian stromal and granulosa-lutein cell culture (Arici et al., 1996b) . The mean concentration of IL-8 in follicular fluid samples obtained from women 34 h after HCG administration was 16-fold higher than the samples obtained prior to HCG administration and prior to a detectable LH surge. The follicular fluid concentrations were 14-fold higher than those in serum. In post-HCG samples, the concentration of IL-8 in an individual follicle positively correlated with the size of the follicle. Ovarian stromal cells and granulosa-lutein cells expressed IL-8 mRNA. Treatment of ovarian stromal cells with HCG and LH led to an increase in the level of IL-8 mRNA. However, FSH did not affect IL-8 expression. On the other hand, progesterone inhibited IL-8 mRNA expression and protein production from these cells. Figure 1 summarizes schematically these findings. In a similar study of preovulatory follicular fluid from IVF patients, IL-8 concentrations in follicular fluid samples were about 30-fold higher than in plasma (Runesson et al., 1996) . Granulosa cells secreted large amounts of IL-8 which was enhanced by IL-1. It has also been shown that anti-IL-8 antiserum inhibits the HCGinduced ovulation rate as well as the myeloperoxidase and neutrophil elastase activity in rabbits (Ujioka et al., 1998) , a finding that further supports IL-8′s role in ovulation through accumulation and activation of neutrophils.
The presence and potential involvement of neutrophils and IL-8 in the process of human follicular development and atresia were recently studied (Chang et al., 1998) . Antral follicles contained relatively large numbers of neutrophils within the theca vasculature. In contrast, preantral follicles were found to be totally unassociated with the presence of surrounding neutrophils. The density of neutrophils was twofold greater in atretic versus healthy follicles. The neutrophil index (neutrophils/granulosa cells × 1000) was inversely correlated with the number of granulosa cells per follicle. Immunoreactive IL-8 was detected in the theca and granulosa cells of most antral follicles examined. It has been suggested that the initial infiltration of neutrophils may be related to the Graafian follicle, that the subsequent increased accumulation occurs with follicle atresia and that lastly all these events are modulated by IL-8 (Chang et al., 1998) . In addition, IL-8 protein and mRNA have been shown to be expressed by neutrophils and endothelial cells of theca blood vessels which suggests that local intravascular autocrine or paracrine mechanisms may contribute to infiltration of neutrophils. Furthermore, IL-8 may mediate neutrophil-endothelial cell interaction by inducing binding of neutrophil β 2 -integrin molecules, resulting in firm attachment between the two cells (Crockett-Torabi and Fantone, 1995; Rot, 1992) .
Growth-regulated oncogene α
GROα possesses chemotactic and activating properties for neutrophils (Derynck et al., 1990) . GROα is 10-fold more potent than IL-8 as a neutrophil chemoattractant (Sager et al., 1992) . GROα is a constituent of periovulatory follicular fluid at concentrations 5-fold higher than in serum . The mean post-HCG follicular fluid concentration of GROα is four-fold higher than the pre-HCG follicular fluid concentration. Both the resident macrophages and monocytes, which comprise 5-15% of human follicular tissue cells , and the granulosa cells seem to contribute to the follicular fluid GROα pool. Ovarian stromal cells express GROα mRNA that is further stimulated by IL-1 and TNFα .
Monocyte chemotactic protein-1
MCP-1 specifically chemo-attracts and activates macrophages (Wuyts et al., 1994) , and it is secreted by various cells including endothelial cells (Sica et al., 1990) , fibroblasts (Yoshimura and Leonard, 1990) , and monocytes (Yoshimura et al., 1989) . We have proposed that MCP-1 may be an important modulator of intraovarian events by playing a role in timely follicular rupture. We have studied MCP-1 in human follicular fluid from patients undergoing IVF and in granulosa-lutein and ovarian stromal cell cultures (Arici et al., 1996a) . The concentrations of MCP-1 in post-HCG follicular fluid samples were higher than in the pre-HCG samples (Figure 2) . The follicular fluid concentration of MCP-1 was about four-fold higher than that in serum. MCP-1 mRNA and protein were expressed in ovarian stromal and granulosa-lutein cells and were increased by IL-1 and TNFα in a time-and concentration-dependent manner. LH/HCG induced higher concentrations of MCP-1 mRNA expression and protein production in both ovarian stromal and granulosa-lutein cells.
Accumulation of macrophages in corpus luteum is a striking characteristic of the luteal regression in a variety of species including the guinea pig (Paavola, 1977) , rabbit (Bagavandoss et al., 1988) , pig (Standaert et al., 1991; Hehnke et al., 1994) , sheep (Murdoch, 1987) , rat (Brännström et al., 1994a) , and the human (Lei et al., 1991; Wang et al., 1992; Senturk et al., 1999) . However, some contradictory data that show a decreased macrophage number during late luteal phase are also present (Gaytan et al., 1998b) . Macrophages are thought to augment luteal regression via the phagocytosis of cells and cell remnants (Paavola, 1979) , the secretion of cytolytic factors (Bagavandoss et al., 1988; Benyo and Pate, 1992) and the production of oxygen radicals (Riley and Behrman, 1991) . MCP-1 is therefore a potential candidate for monocyte attraction and activation. In rats, the regressing corpus luteum contains MCP-1 and numerous monocytes/macrophages, whereas, the newly formed corpus luteum of pregnancy contains little MCP-1 and few monocytes/macrophages (Townson et al., 1996) .
We have recently demonstrated that MCP-1 is also expressed in the human corpus luteum (Senturk et al., 1999) . The expression of MCP-1 and the infiltration of macrophages increased with the natural regression of the human corpus luteum (Figure 3 ). MCP-1 is mostly expressed in the endothelial cells of the blood vessels surrounding the corpus luteum and it is possible that its production in these vessels is in response to various agents secreted by luteal cells. These agents may include reactive oxygen species and cytokines such as IL-1, TNFα, interferon-γ and growth factors like epidermal growth factor (EGF) and platelet-derived growth factor (PDGF), all of which can induce MCP-1 production (Miller and Krangel, 1992; Mukaida et al., 1992; Oppenheim et al., 1991) . Figure 4 summarizes schematically the potential role of MCP-1 in ovulation and luteolysis.
RANTES
RANTES is a chemotactic factor for monocytes/macrophages, memory T cells and eosinophils (Skelton et al., 1995; Weber et al., 1995) . The concentrations of RANTES in human follicular fluid was found to be extremely low (Karstrom-Encrantz et al., 1998) . In addition, RANTES protein was not detectable in the culture medium of human granulosa-lutein cells in either basal or IL-1-stimulated conditions. Eosinophils are rarely detected inside the ovary at any stage of the cycle. Hence, the findings of low concentrations of RANTES may be consistent with the paucity of eosinophils within the ovary.
Leukocytes and related products in ovarian pathologies
There are several areas in which the immune system is potentially involved in ovarian disorders. These may include premature ovarian failure, polycystic ovarian syndrome (PCOS), and ovarian cancer.
Premature ovarian failure
The incidence of premature ovarian failure (POF) in women aged <40 years is estimated to be 0.9% (Coulam et al., 1986) . Several immune disorders may contribute to this condition and, even in idiopathic cases, abnormalities of circulating lymphocytes and infiltration of immune cells into the ovary have been described. POF may also be associated with other endocrine and neurological autoimmune diseases (Hoek et al., 1997b) .
Several studies have reported various changes in the ratio of T cell subtypes in the peripheral blood of women with POF, some increasing, some decreasing and others remaining unchanged (Moncayo and Moncayo, 1992) . A consistent pattern of an increased number of activated T cells (as defined by MHC-class II+ or IL-2 receptor+) is evident in the majority of studies. However, it has to be noted that Northern blot analysis of monocyte chemotactic protein-1 (MCP-1) mRNA in human corpus luteum tissues. Total RNA isolated from corpora lutea was evaluated. Samples are arranged according to the menstrual cycle phase corresponding to the regression in corpora lutea. Bars represent the mean value of densitometric units for each group normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) *P = 0.003 early-follicular phase (i.e. regressing corpora lutea) versus early mid-and late luteal phases of the menstrual cycle (i.e. fresh corpora lutea).
otherwise-normal post-menopausal women may also show raised numbers of activated peripheral T cells (Hoek et al., 1995) .
Normally, MHC Class II molecules initiate immune responses by presenting antigens to T-helper lymphocytes; interferon-γ and TNFα can induce Class II antigen expression at ectopic sites and are implicated in the cause of various autoimmune disorders. Expression of Class II MHC antigens in ovaries of normal reproductive-age women and of women with autoimmune POF was studied (Hill et al., 1990) . Immunohistochemistry of normal human ovaries revealed that Class II MHC antigen expression was present only on occasional cells of macrophage morphology. Granulosa cells were negative regardless of the stage of follicular maturation. In contrast, extensive and intense Class II antigen expression was observed in granulosa cells in ovarian biopsy sections from patients with POF. Class II antigen expression could be induced and Class I MHC antigen expression was enhanced in granulosa cell cultures after the addition of interferon-γ. Hence, autoimmune POF may be associated with ectopic expression of MHC Class II antigens by ovarian granulosa cells, which can be induced by interferon-γ (Hill et al., 1990) .
The accumulation of monocytes/dendritic cells and the clustering of dendritic cells in endocrine organs is known to be one of the first phenomena of an autoimmune endocrinopathy (Tas et al., 1991) . In a prospective controlled study, peripheral monocytes of 46% of POF patients showed a decreased N-formyl-methionyl-leucyl-phenylalanine (chemoattractant) induced monocyte polarization in comparison to healthy control values (Hoek et al., 1993a) . None of the young controls and post-menopausal women showed such a defective monocyte polarization. Peripheral blood dendritic cells of 36% of the POF patients showed a decreased cluster capability. Defects in monocyte polarization and dendritic cell clustering were not affected by therapies aimed at changes in oestrogen or gonadotrophin concentrations of patients (i.e. using oestrogen-substitution therapy, GnRH analogue, FSH). It is suggested that redistribution of active monocytes and of active dendritic cells from the peripheral blood to the ovaries may be the cause of the described abnormalities (Hoek et al., 1993a,b) .
A strong argument against autoimmune pathogenesis of POF is the rare (<3% of the cases) presence of an oophoritis in histological sections (Hoek et al., 1997b) . Only a T cell mediated autoimmune mechanism was established as the basis of the ovarian failure in a model of murine autoimmune oophoritis induced by a murine zona pellucida-3 peptide (Garza et al., 1998; Rhim et al., 1992) . Lymphocytic infiltration of the ovarian follicles in cases of oophoritis was described, while other reports have shown sparing of primordial follicles with infiltration of atretic follicles by T and Bcells (Moncayo and Moncayo, 1992) . The prevalence of oophoritis seems to be higher among women with systemic lupus erythematosus.
Accepting the concept that some of the idiopathic POF cases, especially those with other autoimmune disorders, may be due to an abnormal self-recognition by the immune system can lead to new approaches in the management of these women.
Polycystic ovary syndrome
It has been shown that T cells within the ovary are mostly CD8 + lymphocytes (Brännström et al., 1993a) . Injections of oestrogen selectively decrease the percentages of CD8+ lymphocytes in adult laboratory animals (Grossman, 1992; Novotny et al., 1983) . Oestradiol injections into female mice induce anovulation that correlates with decreased levels of CD8 + lymphocytes within the spleen and thymus (Deshpande et al., 1997) . Lymphocyte subsets of peripheral blood in women with PCOS were also investigated (Turi et al., 1988) . There was a decrease of CD8 + T cells in 64% and of NK activity in 60% of patients and an increase of the CD4 + /CD8 + T cell ratio in 55%. A significant positive correlation between the decreased CD8 + T cells and NK cells in peripheral blood and the increased testosterone and androstenedione serum concentrations was noted. This observation suggests that, in women with PCOS, a relationship between the endocrine and immune system may exist and androgens can affect lymphocyte subsets (Turi et al., 1988) . IL-1 and TNFα concentrations in follicular fluid samples from unstimulated normal or polycystic ovaries as well as concentrations in media conditioned by granulosa or theca cells were investigated (Jasper and Norman, 1995 ). There appears to be no difference between polycystic and normal ovaries with respect to IL-1 and TNFα. However, the use of dexamethasone was shown to inhibit TNFα and stimulate colony-stimulating factor-1 (CSF-1) concentrations within the follicular fluid of patients with polycystic ovaries (Zolti et al., 1992) . In the same study, regardless of the treatment with dexamethasone, the follicles with high concentrations of TNFα contained minimal concentrations of oestradiol.
Distribution of leukocyte subtypes in the sheep ovary following laser drilling of the ovarian capsule was examined to understand a possible mechanism by which this treatment promotes ovulation in patients with PCOS (Tozawa et al., 1995) . Migration of leukocytes into the laser-drilled site was observed as early as 6 h after laser drilling and the total number of leukocytes in the site was found to increase up to the 12th day after surgery. In the earlier period, polymorphonuclear leukocytes were the dominant leukocyte subtypes, while macrophages and lymphocytes were the major cellular components on the 12th day and later. These results show that the tissue changes in the ovary following laser drilling are consistent with a local inflammatory reaction, suggesting that part of the effectiveness of the laser drilling in patients with PCOS may be attributable to the secretory products of these leukocytes (Tozawa et al., 1995) .
Ovarian cancer
A variety of cytokines, including IL-1, IL-2, IL-6, GM-CSF, M-CSF, TNFα and interferon-γ have been reported to be present at elevated concentrations or produced in increased amounts by ovarian cancer tissue (Pisa et al., 1992; Price et al., 1993) . It is still not clear whether these cytokines are a cause or a consequence of the tumour. Some cytokines may enhance tumor progression and metastatic potential (Wu et al., 1992) . In serous tumours, there is a positive correlation between the levels of TNFα expression and tumour grade (Naylor et al., 1993) . TNFα also shows some favourable effects like induction of apoptosis in tumor cells (Gotlieb et al., 1994) . Some effects may also involve the attraction of leukocytes to the tumour site. The exact role of cytokines in ovarian cancers is speculative at this time.
Conclusions
There is a bidirectional communication network linking the immune and reproductive systems. The tissue-bound leukocytes are especially important in the cyclic events in the ovary because they secrete a number of inflammatory and immunomodulating substances including connective tissue enzymes and cytokines. The evidence for the participation of leukocytes in ovarian function is strong. The events taking place in ovarian physiology are still exciting areas of research that may lead to novel management strategies in numerous related disorders.
